Summary Hypercapnic blood was injected into the vertebral artery in anesthetized and paralyzed cats. The stimulating effect on the phrenic nerve activity was dependent on the injection rate, duration, and Pco2 level of the injected blood. The time delay from the start of injection to the onset of increase in phrenic nerve activity was inversely proportional to both the injection rate and the Pco2 of injected blood.
Injection of hypercapnic saline or blood into the vertebral artery is a useful technique for studying the effect of C02 on the central regulation of respiration. HANSON et al. (1981 HANSON et al. ( , 1982 showed that rapid injection of severe hypercapnic saline produced a transient inhibition of respiration, followed by stimulation with several breaths, in anesthetized cats. They proposed that the initial inhibition was due to the excitation of cerebral vascular nociceptors and the following stimulation was due to an excitation of the medullary chemoreceptors. FITZGERALD et al. (1968) reported that in anesthetized dogs the injection of moderate hypercapnic blood with normal perfusion pressure into the vertebral arteries produced an increase in ventilation after a time delay of 20-30 s without any inhibition. These various results seem to be not only due to differences in rates and durations of injections but also to differences in injected solutions (blood or saline) or the Pco2 level of injected fluids.
In the present study, the effects of injection rate, duration, and the Pco2 level of injected blood for the vertebral artery injection on respiratory neural output and on the time delay from the start of injection to onset of respiratory response were examined in paralyzed, artificially ventilated cats. In order to avoid the feedback effect of the peripheral chemoreceptors, the vagi and carotid sinus nerves were sectioned. Phrenic nerve activity was used as the indicator of respiratory center output.
Eight cats were anesthetized with chloralose-urethane (40 and 200 mg/kg) after premedication with ketamine (25 mg/kg). Each cat was placed on an electric heating pad in a supine position and the rectal temperature was maintained at 37-38°C. The trachea was cannulated for artificial respiration and also for continuous monitoring of end-tidal Pco2 and Pot by C02-02 analyzer (1H21, NEC San-ei Instruments, Tokyo). The phrenic nerve was exposed in the neck, cut, desheathed and placed on platinum recording electrodes. The amplified signal was fed into a leaky integrator (time constant, 47 ms) and its output was recorded on a pen recorder. After the vagi and carotid sinus nerves were bilaterally sectioned, the animal was immobilized by pancronium bromide (Mioblock, Organon, 0.2 mg/kg, i.v.) for artificial ventilation with room air. In most of the experiments, the end-tidal Pco2 was kept constant at the threshold Pco2 level for hypocapnic apnea.
The right vertebral artery was exposed between the axis and atlas vertebra. A catheter (o.d. 0.8 mm) was inserted into the vertebral artery with the tip in the cranial direction. About 10 ml of blood, to be used for later injections, was drawn from the animal's own femoral artery. It was mixed with 10 ml gas mixture of 80 CO2 in 02 in a syringe. The blood Pco2 was varied by changes in the mixing time (5-30 min). The Pco2 and pH of the blood equilibrated with the gas mixture were measured with a blood gas analyzer (BMS-MK2, Radiometer, Copenhagen). If the blood Pco2 was beyond the scale of this apparatus (0-160 mmHg), it was estimated from the relationship between Pco2 and [H + ] (Pco2 =0.92[H] + -11.6, correlation coefficient = 0.98) which was obtained empirically both in vivo and in vitro. The injection was carried out by using a syringe infusion pump (Model 575, Princeton Medical Instruments, Inc., Natick, U.S.A.). The temperature of the injected blood was maintained at 37°C.
Typical recordings of the effect of changes in infusing duration on the phrenic nerve activity (PNA) are shown in Fig. 1 . In these examples, the blood with Pco2 199 mmHg and pH 6.64 was injected at a rate of 3 ml/min. The rhythmic PNA appeared with a time delay after the start of injection. In the case of infusion with 10 s duration, the maximal PNA was seen within a few bursts, which was followed by a gradual decrease. This PNA response further increased when injection was sustained for 20s. However, transient decrease of PNA was seen during a later period of injection which was continued for 30s. This transient decrease was observed markedly with increase in infusing duration. On the other hand, infusing the blood with lower Pco2 (160 mmHg) than the above did not induce this transient decrease even when it was continued for 60s. Thus, this transient decrease in PNA appeared to be due to neural depression by severe hypercapnia (CHERNIACK and LONGOBARDO, 1986) .
The effects of injection rate and injected blood Pco2 on PNA and on the time delay from the start of injection to the appearance of PNA were examined in eight cats. For eliminating the transient decrease of PNA during injection, it was given for a duration of 10 s. Furthermore, for evaluating the stimulating effect of the injection on PNA, minute PNA as the algebraic sum of amplitude of integrate PNA for 1 min from the start of injection was computed. Typical results from one cat are shown in Fig. 2 .
The PNA did not appear at an injection rate slower than 1.0 ml/min ( Fig. 2A) . Above this rate, the rhythmic PNA always appeared and the minute PNA increased with increase in the rate of injection, reaching a plateau at about 6 ml/min. The mean + S.D. of threshold injection rate for the PNA appearance obtained from the Vol. 37, No. 1, 1987 Fig. 1. Effect of changing duration of hypercapnic blood (Poo 2 =199 mmHg) injection into the vertebral artery on phrenic nerve activity. Injection rate and end-tidal P02 were kept constant at 3 ml/min and apneic threshold level, respectively. Horizontal bars indicate the period of injections. Femoral arterial pressure (B.P.) was affected slightly during injection, but consistent change was not observed. Fig. 2 . Effects of injection rate and P02 of injected blood on phrenic nerve activity (PNA) and on the time delay from the start of injection to the appearance of PNA. Nerve activity was indicated by the minute activity (arbitrary unit) obtained in 1 min from the start of injection. In both experiments, end-tidal P02 was kept constant at the apneic threshold level and duration of injection was 10 s. A: the blood with constant P02 (176 mmHg) was injected at various rates. B: the blood with varying P02 was injected at a constant rate (3 ml/min).
8 cats was 0.9 + 0.4 ml/min when the mean P~o 2 ± S.D. of injected blood was 184 + 8 mmHg. The time delay from the start of injection to the PNA appearance was inversely proportional to the injection rate. The shortest delay was obtained at an injection rate of above 6 ml/min. The mean ± S.D. of the shortest delay obtained from the 8 cats was 4.4± 1.3s. The PNA did not appear by infusing the blood with P~o2 lower than about 80 mmHg (Fig. 2B) . Above this P°2 level, spontaneous and regular rhythmic PNA appeared, and the minute PNA increased with increase in P02 of the injected blood. The mean threshold P~o2 ± S.D. of the injected blood for the PNA appearance was 125 + 33 mmHg. The time delay was inversely proportional to the P02 level of injected blood. With increasing P~o2 level, PNA response augmented and time delay decreased, culminating the peak activities in the former with the shortest period in the latter. The mean + S.D. of the shortest delay obtained in this experimental run was 4.7±1.5s.
The increase in the PNA induced by injection of hypercapnic blood was assumed to be due to the stimulation of the central chemoreceptors. The maximal PNA response was obtained at the injection rate of above 6 ml/min ( Fig. 2A) . This magnitude may be in the range of the normal blood flow of the vertebral artery. BERKENBOSCH et al. (1979) showed that a change in vertebral artery blood flow from 4 to 8 ml/min had no influence on the ventilatory response to C02, indicating that the normal blood flow in the vertebral arteries was in this range. Although the other vertebral artery was intact in the present study, it was assumed that the pontomedullary region was exclusively perfused by the injected blood when the rate was above 6 ml/min. Below this rate, however, injected blood would be diluted by blood from the intact vertebral artery.
The time delay from the start of injection to the appearance of PNA was inversely proportional to both the injection rate and the P~o2 level of injected blood. Therefore, it seemed that the delay amounting to as long as 20-30 s reported by FITZGERALD et al. (1968) was mainly due to the infusing low P~o2 (about 60 mmHg) blood, and that the delay of several seconds reported by HANSON et al. (1981 HANSON et al. ( , 1982 was due to the rapid injection of a severe hypercapnic solution. Our shortest latency was about 5s. This delay would be the minimum time required for stimulating the central chemoreceptors, after a rapid change in P~o2 of the blood perfusing the lower brain stem (NATSUI et al., 1980) .
In conclusion, our study showed that, with appropriate injection rate, duration and P~o2, the injection of hypercapnic blood into the vertebral artery would rapidly stimulate the central chemoreceptors in the respiratory control system. Furthermore, it was shown that the time delay of this response was inversely proportional to both the injection rate and P~o2 levels of injected blood. By applying this technique, we have been able to examine the localization of the central chemoreceptors (KUWANA and NATSUI, 1986 
